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Evolution of elementary excitations at a doped polar semiconductor surface
in a depletion-layer formation process

Takeshi Inaoka
Department of Materials Science and Technology, Faculty of Engineering, Iwate University, 4-3-5 Ueda, Morioka,

Iwate 020-8551, Japan
~Received 3 May 2000; revised manuscript received 22 December 2000; published 5 April 2001!

We investigate the evolution of elementary excitations at a doped polar semiconductor surface in a
depletion-layer formation process. The elementary excitations analyzed are two coupled plasmon-phonon
modes and a surface optical-phonon mode involving screening charges. Surface excitations of free carriers are
calculated by taking account of the Coulomb interaction between carriers, the dynamical exchange-correlation
effect, and the coupling with surface polar phonons, on the basis of thermal-equilibrium states calculated
self-consistently by the local-density approximation. We focus our attention on the coupling character and the
spatial structure of each surface-excitation mode, as well as the energy dispersion and the energy-loss intensity
involved in the excitation. The induced charge-density distribution in the excitation mode is composed of a
carrier component due to carrier density fluctuation, a phonon component arising from longitudinal polar-
phonon polarization, and two on-surface components originating from the termination of the polar phonon and
background polarization at the surface. The coupling character is elucidated by the phase relation and the
amplitude ratio among these induced charge components. The spatial structure is visualized by the contour map
of the induced charge-density distribution. We follow the variation in the coupling character and the spatial
structure in the depletion-layer formation process. Our analysis gives a clear explanation of the variation in
each of the three loss peaks in the electron energy-loss spectrum.

DOI: 10.1103/PhysRevB.63.165322 PACS number~s!: 73.20.Mf, 71.45.Gm, 71.38.2k
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I. INTRODUCTION

Adsorption on a doped semiconductor surface often
duces a gradual formation of a carrier-depletion or carr
accumulation layer at the surface. Hydrogen adsorption
an n-type GaAs ~110! surface is a typical case of th
depletion-layer formation. As shown experimentally1–5 and
theoretically,6–9 on a relaxed clean~110! surface of GaAs,
the Ga and As atoms in the top layer are displaced toward
inside and into the vacuum, respectively, and the neighb
ing Ga and As surface atoms form a relaxed dimer. T
surface relaxation entails electron charge transfer from
Ga atom to the As atom in the dimer,4 as required by the
electron-counting model.10,11 This model asserts that all A
dangling bonds be terminated by electron lone pairs, w
all Ga dangling bonds be empty. Accordingly, there occur
surface states in the band gap. However, when a hydro
~H! atom bonds to one of the relaxed dimer, it operates
remove the relaxation of the dimer, which results in the
pearance of a midgap surface state from the other atom
the dimer. The fact that H adsorption removes the surf
relaxation is supported both experimentally12–18 and
theoretically.19–24

The theoretical calculation for the case of submonola
H coverages in Refs. 22–24 provides a clear picture of
above-stated derelaxation. As shown by the self-consis
pseudopotential method, there is just a little difference
binding energy between the Ga-H bond and the As-H b
at the surface.22,24 On the experimental side, by mean
of high-resolution electron energy-loss spectrosco
~HREELS!, one can detect both the Ga-H and the As
stretching vibrations in an energy region of 200–300 m
0163-1829/2001/63~16!/165322~20!/$20.00 63 1653
-
r-
n

he
r-
is
e

le
o
en
o
-
of
e

r
e
nt
n
d

y

even at the lowest exposures.25,26 These results indicate tha
H atoms can bond to both the Ga and As surface atoms e
in the smallest coverage range. With the midgap surf
states induced, some electrons in the conduction band
into these surface states, which create a carrier-deple
layer. Therefore, hydrogen adsorption on ann-type GaAs
~110! surface causes a gradual formation of a carri
depletion layer at the surface with an increase in covera
The H coverage becomes close to one monolayer only a
104 langmuir~L!26 or so much exposure~see Table I in Ref.
18!. The above formation of the depletion layer proceeds
much lower exposures, namely, at coverages much sm
than one monolayer.

In contrast to the clean~110! surface where the surfac
relaxation prevents the appearance of surface states,
clean GaAs~001! surface already has surface states in
band gap, which leads to the formation of a depletion lay
The molecular-beam-epitaxy~MBE! grown ~001! surface of
n-doped GaAs is reported to have a substantial deple
layer.27,28 To prevent contamination and damage on t
MBE-grown surface, Gray-Grychowskiet al.27 employed a
protective-overlayer technique, and Noguchi, Hirakawa a
Ikoma28 examined a pristine surface immediately after MB
growth without exposure to air. In view of these caref
treatments, the above-mentioned surface states are co
ered to be intrinsic to the clean~001! surface. Furthermore
the clean~001! surface ofn-type InSb is also reported to
have a considerable depletion layer.29,30

The carrier density distribution and the effective on
electron potential in the absence and the presence of a
face space-charge layer can be calculated self-consistent
several schemes. To perform self-consistent calculati
with reasonable efforts, carrier charges in surface states
©2001 The American Physical Society22-1
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TAKESHI INAOKA PHYSICAL REVIEW B 63 165322
so often replaced by a uniform distribution of surfa
charges. One of these schemes is a Hartree calculation
ploying a parametrized Morse potential for the effecti
potential.31,32 This parameterized scheme facilitates se
consistent calculations of semi-infinite systems. Anot
scheme is a complete Hartree calculation of a carrier sys
in a semiconductor film.33–35 In this scheme, the effective
potential is calculated numerically without parametrizing
One can obtain a self-consistent solution more easily by
film geometry than by the semi-infinite one. A recent one
a local-density-approximation~LDA ! calculation of a carrier
system in the semiconductor film.36 By this scheme, the
present author has investigated the evolution of elec
states at the surface in a depletion-layer formation proces
this calculation, the film thickness is taken to be so su
ciently large that the carrier-density distribution at the fi
surface becomes equivalent to that at the surface of the s
infinite system, even in the presence of a thick deplet
layer. The result of this calculation provides a numerical
sis for the present work of calculating surface excitatio
quantitatively.

The existence of the depletion layer at the surface exe
significant influence on surface excitations of carriers of
coupled with surface polar phonons. By means of HREE
one can observe these coupled surface-excitation mode
the n-doped GaAs~110! surface in the depletion-layer for
mation process induced by H adsorption.26,35,37Particularly,
in Ref. 35, the remarkable variation in the EEL spectru
with exposure to hydrogen clarifies the evolution of t
coupled surface modes in the depletion-layer formation p
cess. In these spectra, three loss peaks are clearly res
because of the suitable choice of the doping level. T
higher-energy and the lower-energy ones of the three pe
are attributed to the coupled carrier plasmon-polar pho
modes, and interior excitations below the depletion la
play the leading role in these modes. The intermediate p
is ascribed to the surface optical-phonon~Fuchs-Kliewer!
mode that undergoes the screening effect due to the pres
of carriers. The phonon polarization active between the s
face and screening charges below plays the principal pa
this mode.

At a lower or higher doping level, there appear only tw
loss peaks~and sometimes their multiple-loss peaks! in the
EEL spectrum. At the lower doping level,37 the lower
coupled mode considerably below the polar-phonon ene
regime acquires plasmon character, and the upper cou
mode and the optical-phonon mode involving screen
charges coalesce into a single loss peak. At the higher do
level,26 however, the upper coupled mode becomes plasm
like, and the lower coupled mode has its weak intensity b
ied in the intermediate loss peak or in the tail of the qua
elastic peak. In passing, surface excitations on the c
n-doped GaAs~001! or InSb ~001! surface with its intrinsic
surface states in Refs. 27–30 correspond to the latter ca
the higher doping level.

In relation to EELS measurements, there have been
eral theoretical studies that are centered on calculating
surface energy-loss function. This function indicates the
tensity of the energy loss involved in the dynamical respo
16532
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of the surface to the external potential. In Ref. 35, to anal
their experimental result, Chenet al. calculated EEL spectra
by using a semiclassical local-response theory.38 At each
stage of the formation process, they estimated the deplet
layer thickness by fitting calculated spectra with experim
tal ones. In some other theoretical studies, the random-p
approximation~RPA! is employed to take nonlocal effect
into consideration. In Ref. 39, to examine the experimen
result of then-type GaAs ~001! surface with a depletion
layer,27 Inaoka and Chihara calculated EEL spectra by co
bining the RPA calculation with Schaich’s scheme.40 They
used a simplified model where carriers are confined by
infinite potential barrier at the interface between the se
infinite system and a carrier-free layer placed on it. T
calculation includes coupling of plasmons with pol
phonons. In a more realistic treatment, the eigenfunction
thermal equilibrium calculated self-consistently are e
ployed in the RPA calculation of surface excitations. In R
41, using the thermal-equilibrium states calculated by a
rametrized Hartree scheme, Ehlers and Mills investigated
energy dispersion and the Landau damping in surface p
mons of semi-infinite systems in the presence and the
sence of a depletion layer. They presented the energy dis
sion for some carrier concentrations. Although th
considered the coupling of plasmons with polar phonons
part of Ref. 41, it is restricted only to the case of no deplet
layer. In Refs. 42 and 43, assuming a semiconductor fi
with and without a depletion layer at each surface, Strei
and Mills analyzed the energy dispersion of surface pl
mons, and the resonance feature of the surface energy
function along the plasmon-dispersion branch. In this R
calculation, they employed the numerical result of a co
plete Hartree calculation of the thermal-equilibrium stat
Because of a film geometry, surface plasmons on both s
of the film interact considerably with each other. The
analysis takes no account of the coupling of plasmons w
polar phonons. Incidentally, Refs. 41 and 43 mention
above also include an analysis of surface plasmons in
presence of a carrier-accumulation layer.

In the present paper, we examine the evolution of the t
coupled plasmon-phonon modes at the surface and the
face optical-phonon mode involving screening charges i
depletion-layer formation process. These surface excitat
are calculated by means of the time-dependent LDA sche
on the basis of the numerical result of the therm
equilibrium states obtained from the LDA calculation in Re
36. We pay special attention to the spatial structure and
coupling character of the surface excitations, as we did
Refs. 44 and 45 for the surface without a depletion layer a
with a flat band assumed. The spatial structure can be v
alized in the contour map of the induced charge-density
tribution. The coupling character can be clarified by deco
posing the induced charge-density distribution. The indu
charge density below the surface can be resolved into
carrier component due to carrier density fluctuation and
phonon component arising from longitudinal polar-phon
polarization. The induced surface-charge density origina
from the termination of the polar-phonon and backgrou
polarization at the surface, and so it can be decomposed
2-2
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EVOLUTION OF ELEMENTARY EXCITATIONS AT A . . . PHYSICAL REVIEW B63 165322
the phonon component and the background one. The
pling character shows itself in the phase relation and
amplitude ratio among these components in spatial varia
along the propagating direction. We analyze the variation
the spatial structure and the coupling character in
depletion-layer formation process. In passing, a prelimin
report of the present paper is already presented in Ref.

II. THEORY

In this section, we describe a theoretical framework
the following analysis. Our carrier system is assumed to
in a uniform background that is electrically positive owing
ionized donors and whose polarization is described by a
electric function. Inn-type polar semiconductors with larg
effective Bohr radii, such asn-GaAs, n-InAs, andn-InSb,
increasing the doping level readily leads to such a high
fective density of carriers that an impurity band due to d
nors merges into the conduction band. In this case, ion
donors can be spread out into a uniform distribution of po
tive charges. In the presence of the surface, the carrier
sity falls and vanishes at the surface. The character
length to describe this density fall near the surface~several
tens of Å or;100 Å! is much longer than that needed
describe the penetration of electronic states into the vac
~;Å!. Accordingly, we can assume an infinite potential b
rier at the background surface, and can impose a boun
condition that envelope functions of carriers vanish the
When some carriers in the conduction band fall into surf
states in the band gap, the surface becomes negat
charged, and a carrier-depletion layer is formed right on
inside of this negatively charged surface. We describe th
carriers in surface states by a uniform distribution of surfa
charges that extends just outside and along the backgro
surface.31–36

We calculate the dynamical response of the surface w
or without a depletion layer to a periodic and oscillato
external potential that has surface-parallel wave vectorQ and
angular frequencyv. This dynamical response involves th
coupling of surface excitations of carriers with surface po
phonons. Thez axis is taken to be normal to the surface
that the semi-infinite material extends in the regionz,0.
When the external potentialU is produced by externa
charges outside the material, this potential penetrates into
material likeeQz. The dynamical response of the surface c
be described by the following pair of equations:

V~z!5V~0!eQz

1
1

«PH~v!

2p

Q F E
2`

0

dz8e2Quz82zudrEL~z8!

2eQzE
2`

0

dz8eQz8drEL~z8!G1
]VXC@rEL~z!#

]rEL
drEL~z!

~1!

drEL~z!5E
2`

0

dz8x~z,z8!V~z8!. ~2!
16532
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In these equations,drEL and V denote the induced charg
density due to carrier density fluctuation and the se
consistent total potential, respectively. Complete for
V(Q,z,v), drEL(Q,z,v), andx(Q,z,z8,v) are abbreviated
asV(z), drEL(z), andx(z,z8), respectively. The second an
fourth terms on the right-hand side~rhs! of Eq. ~1! represent
the induced Coulomb potential due todrEL and the dynami-
cal exchange-correlation~XC! contribution in the LDA, re-
spectively. The sum of the first and third terms on the rhs
Eq. ~1! with a common factoreQz is made up of the externa
potential and the induced potential due to the termination
the polar-phonon and background polarization atz50. By
means of the Lorentzian oscillator model, the polar-phon
and background polarization is incorporated into this eq
tion in the form of the dielectric function

«PH~v!5«`1
~«02«`!vTO

2

vTO
22v22 igv

. ~3!

In this equation,vTO is the transverse optical-phonon fre
quency of long wavelength,«` and «0 are the high-
frequency and static dielectric constants, respectively, ang
is the phonon relaxation-rate constant. This local-respo
scheme gives a good description of our excitation mo
where the spatial variation is slow on the scale of latt
constants. In the XC term,]VXC@rEL(z)#/]rEL denotes the
density derivative of the XC potential in therma
equilibrium,47 whererEL(z) is the carrier charge density atz
in thermal equilibrium. For the exchange part inVXC , we
employ a finite-temperature formula in Ref. 48 with the R
dberg unit replaced by the effective Rydberg unit. The e
plicit form is given by Eq.~9! in Ref. 36. For the correlation
part inVXC, we adopt a zero-temperature formula in Ref. 4
because there seems to be no handy formula that allows
temperature effects, and our carrier system is relatively w
degenerate. This correlation formula produces no artific
discontinuity in its density derivative, because it is expres
by a single analytic function up to such a high effecti
density that the effective density parameterr s* becomes less
than unity. Here, the parameterr s* is defined by
(4/3)p(r s* aB* )3n51 with the effective Bohr radiusaB* and
the carrier densityn. The familiar formula in Ref. 50 leads to
discontinuity atr s* 51, because two different analytic form
are employed for a lower-density range withr s* .1 and a
higher one withr s* ,1. Equation~2! implies that the induced
charge densitydrEL arises from the response of our carri
system to the total potentialV. The susceptibilityx is ex-
pressed as51

x~z,z8!

52e2(
n,n8

E d2K

~2p!2

f ~K1Q,n8!2 f ~K ,n!

E~K1Q,n8!2E~K ,n!1\v1 ih

3zn* ~z8!zn8~z8!zn8* ~z!zn~z!. ~4!

Each eigenstate is specified by a surface-parallel wave ve
K and a quantum numbern for surface-normal motion of
2-3
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TAKESHI INAOKA PHYSICAL REVIEW B 63 165322
carriers. The symbolsE(K ,n) and f (K ,n) signify the energy
and the average occupation of eigenstate (K ,n), respec-
tively, andE(K ,n) is expressed as

E~K ,n!5\2K2/2m* 1En , ~5!

in terms of the effective massm* and the surface-norma
componentEn . The function zn(z) is the surface-norma
component of the eigenfunction forEn , h is a very small
positive constant, ande(.0) is an absolute value of th
electronic charge. In Ref. 36, using the LDA, the therm
equilibrium states have been calculated for a value of
depleted carrier density given at each stage of the deple
layer formation process. The depleted carrier densityNs is
defined by

Ns5E
2`

0

@n02n~z!#dz, ~6!

in terms of the donor densityn0 and the carrier-density dis
tribution n(z)(52rEL(z)/e) in thermal equilibrium. Eigen-
functionszn(z) and eigenvaluesEn are obtained in this cal
culation. Eigenfunctionszn(z) and eigenvaluesEn are given
by solutions of the Schro¨dinger equation with an effective
potentialVeff determined self-consistently:

F2
\2

2m*
d2

dz2 1Veff~z!Gzn~z!5Enzn~z!, ~7!

where we measureVeff from its value forz→2`. Then or
n8 sum in Eq.~4! is performed over bound states withEn

,0, if present, and mobile states withEn.0. To facilitate
the summation over mobile states, we impose a bound
conditionzn(2L)50 with a quantization lengthL, and take
the limit of L→` at the final stage. It is convenient to em
ploy wave numbersk defined by\2k2/2m* 5En instead ofn
and to expresszn as zk . Following a manipulation in Ref
31, we can convert then sum over mobile states into ak
integral. For each eigenfunctionzk(z), we define a function
z̃k(z) that is proportional tozk(z) and which varies as
A2 sin@kz2a(k)# for z→2`. We take such a large distanc
D that z̃k(z) becomes substantially equal toA2 sin@kz
2a(k)# in a regionz<2D, and simultaneously let the lengt
L(@D) be sufficiently large so thatz̃k(z) can be treated as
smooth function ofk in a range2D<z<0. Here, we con-
sider Eq.~7! with zn andEn replaced byz̃k and\2k2/2m* ,
respectively. By subtracting Eq.~7! multiplied by ]z̃k(z)/]k

from thek derivative of Eq.~7! multiplied by z̃k(z) and by
integrating the resulting equation inz from z52D to z
50, we can obtain the relation:

E
2D

0

z̃k
2~z!dz5

1

2k E2D

0

dzF H ]

]k
z̃k~z!J H ]2

]z2 z̃k~z!J
2 z̃k~z!

]

]k

]2

]z2 z̃k~z!G
5D1

da

dk
2

sin@2~kD1a!#

2k
, ~8!
16532
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which gives the integral value

E
2L

0

z̃k
2~z!dz5E

2L

2D

z̃k
2~z!dz1E

2D

0

z̃k
2~z!dz5L1

da

dk
.

~9!

By recalling thatzk(z) is normalized by its integral over a
range2L<z<0, we find the relation

z̃k~z!5S L1
da

dkD 1/2

zk~z!. ~10!

On the other hand, from the boundary condition atz52L,
we obtain the spacingdk between neighboring allowedk
values as

dk5
p

L1da/dk
. ~11!

The summation over mobile statesk in Eq. ~4! takes the form

xmob~z,z8!5(
k

Ak~z,z8!zk~z!zk~z8!, ~12!

which changes into ak integral

xmob~z,z8!5
1

p E
0

`

dkS L1
da

dkDAk~z,z8!zk~z!zk~z8!,

~13!

with the aid of Eq.~11!. In view of Eq.~10!, Eq. ~13! can be
rewritten as

xmob~z,z8!5
1

p E
0

`

dkAk~z,z8!z̃k~z!z̃k~z8!. ~14!

To introducez̃k(z) is quite helpful in summing over mobile
states in Eq.~4!. For each surface mode specified byQ and
v, we can obtainV(z)/V(0) anddrEL(z)/V(0) as functions
of z by solving the pair of Eqs.~1! and~2! self-consistently.

The dynamical response of the surface entails indu
charges, which generate an induced Coulomb potentiaf.
We let VC signify the sum ofU and f. If we define the
surface dielectric function«S(Q,v) by52

«S~Q,v!5
«PH~v!

QVC~0! F ]

]z
VC~z!G

z520

, ~15!

the induced Coulomb potentialf outside the material (z
.0) can be related to the external potentialU by

f~z!52
«S~Q,v!21

«S~Q,v!11
U~0!e2Qz. ~16!

In Eqs. ~15! and ~16!, the complete formsVC(Q,z,v),
f(Q,z,v), and U(Q,z,v) are contracted toVC(z), f(z),
andU(z), respectively. In deriving Eq.~16!, we employ Eq.
~15! and the continuity of thez component of the electric
displacement atz50. The prefactor with«S on the rhs of Eq.
~16! is a familiar form in the image method of electrostatic
In terms ofdrEL(z), the surface dielectric function define
by Eq. ~15! can be written as52
2-4
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«S~Q,v!5«PH~v!2
4p

Q E
2`

0

dz8eQz8
drEL~z8!

V~0!
. ~17!

Here, we note thatV becomes equal toVC at the surfacez
50 where drEL vanishes. Surface excitations involve th
energy loss that is equivalent to the work performed by
ternal charges against the induced Coulomb potential.
energy loss per unit time and unit surface area is expre
as

W5~Qv/p!uU~0!u2 Im@2f~0!/U~0!#, ~18!

where Im denotes the imaginary part. In view of this expr
sion, we define the surface energy-loss functionF(Q,v) by

F~Q,v!5Im@2f~0!/U~0!#5Im@2V~0!/U~0!#,
~19!

which can be rewritten as

F~Q,v!5Im@22/$«S~Q,v!11%#, ~20!

with the aid of Eq.~16!.
The induced charge densitydr below the surface (z,0)

is composed of the carrier componentdrEL due to carrier
density fluctuation and the phonon componentdrPH arising
from longitudinal polar-phonon polarization:

dr5drEL1drPH. ~21!

On the basis of the Lorentzian oscillator model, the pol
phonon polarizationP(r ,v) is given by

~vTO
22v22 igv!P~r ,v!52

«02«`

4p
vTO

2 gradVC~r ,v!,

~22!

and this polarization yields the induced charge density

drPH~r ,v!52div P~r ,v!5
«PH~v!2«`

4p
DVC~r ,v!.

~23!

By combining this equation with Poisson’s equation

2«PH~v!DVC~r ,v!54pdrEL~r ,v!, ~24!

and by adopting partially Fourier-transformed representat
we can obtain the relation betweendrEL anddrPH as

drPH~Q,z,v!52
«PH~v!2«`

«PH~v!
drEL~Q,z,v!. ~25!

Termination of the polarization at the surfacez50 produces
the induced surface-charge densitys, which consists of the
componentsPH due to the polar-phonon polarization and t
componentsBG owing to the background polarization de
scribed by«` . These two components are expressed as

sPH~Q,v!52
«PH~v!2«`

4p F ]

]z
VC~z!G

z520

52
Q

4p

«PH~v!2«`

«PH~v!
«S~Q,v!V~0!, ~26!
16532
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sBG~Q,v!52
«`21

4p F ]

]z
VC~z!G

z520

52
Q

4p

«`21

«PH~v!
«S~Q,v!V~0!, ~27!

where definition of«S(Q,v) in Eq. ~15! is used. These two
components are related to each other by

sPH~Q,v!5
«PH~v!2«`

«`21
sBG~Q,v!. ~28!

The coupling character in each surface mode can be e
dated by the phase relation and the amplitude ratio ofdrEL
and drPH and of sBG and sPH. The induced Coulomb po
tentialf~0! in Eq. ~19! can be decomposed into contribution
of drEL , drPH, sPH, andsBG:

f~0!5fEL~0!1fPH~0!1fSPH~0!1fSBG~0!. ~29!

The first two componentsfEL(0) andfPH(0) due todrEL
anddrPH, respectively, are expressed as

fEL~0!5
1

«`

2p

Q E
2`

0

dz8eQz8drEL~z8!, ~30!

and

fPH~0!5
1

«`

2p

Q E
2`

0

dz8eQz8drPH~z8!. ~31!

The other componentsfSPH(0) andfSBG(0) generated by
sPH andsBG, respectively, are written as

fSPH~0!5~2p/Q!sPH~Q,v!, ~32!

and

fSBG~0!5~2p/Q!sBG~Q,v!. ~33!

By substituting Eq.~29! into Eq. ~19!, we can resolve the
energy-loss intensity into contributions ofdrEL , drPH, sPH,
andsBG.

If we have thex axis oriented to the direction ofQ, we
can build up the spatial distribution ofdr ands in a surface
mode ofQ andv as

dr~x,z!5dr~Q,z,v!eiQx1c.c., ~34!

and

s~x!5s~Q,v!eiQx1c.c., ~35!

respectively. Here, the symbol c.c. designates the comp
conjugate term. The spatial structure of each surface m
can be visualized by the contour map ofdr(x,z) and the
variation ins(x).

In n-type polar semiconductors such asn-GaAs,n-InAs,
and n-InSb, the conduction-band dispersion is apprecia
or highly nonparabolic, though it is almost isotropic. Th
nonparabolicity has a significant influence on excitations
carriers. Excitations in the conduction band are made up
2-5
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electronic transitions around the Fermi levelm, if the mo-
mentum transfer in these transitions is not so large. Th
fore, we should use the effective massm* determined from
the energy dispersion aroundm. Here, we consider the dy
namical response of a carrier system in the bulk to a perio
and oscillatory external potential with wave vectorq and
angular frequencyv. The induced charge densitydrEL(q,v)
arises from the dynamical response of the carrier system
the total potentialV(q,v), which is constituted of the exter
nal potential and the induced potential:

drEL~q,v!5x~q,v!V~q,v!. ~36!

The susceptibilityx(q,v) is expressed as53

x~q,v!52e2E d3k

~2p!3

f ~k!2 f ~ uk1qu!
E~k!2E~ uk1qu!1\v1 ih

,

~37!

whereE(k) is a nonparabolic but isotropic dispersion of t
conduction band, andf (k) and h denote the Fermi-Dirac
distribution function and a small positive constant, resp
tively. In the long-wavelength limit (q→0), Eq. ~37! takes
the same form as for a parabolic dispersion,

x~q,v!'
n0e2q2

m* v2 , ~38!

if the effective massm* is defined by

1

m*
5

b

3p2\2n0
E

0

`

dk k2f ~k!@12 f ~k!#FdE~k!

dk G2

.

~39!

In Eq. ~39!, the symbolb is defined byb51/kBT in terms of
the Boltzmann constantkB and the absolute temperatureT.
The effective massm* in Eq. ~39! is determined by the
energy dispersion aroundm, because the factorf (k)@1
2 f (k)# becomes appreciable about ak value corresponding
to m. In the low-temperature limit (T→0), Eq. ~39! is re-
duced to the simple form54

1

m*
5

1

\2kF
FdE~k!

dk G
k5kF

, ~40!

wherekF is the Fermi wave number. The energy dispers
E(k) can be obtained by using ak•p method in Ref. 55. In
this method, we can getE(k) for eachk only by solving an
algebraic equation@see Eq.~10! in Ref. 55#. By using m*
defined by Eq.~39!, we can incorporate the nonparabolici
effect into our parabolic calculational scheme, and can g
the correct energy of bulk carrier plasmon withq50 corre-
sponding ton0 . As mentioned in the following section, th
energy of surface carrier plasmon withQ50 is slightly
lower than or almost equal to the above energy of the b
carrier plasmon. Therefore, the effective mass in Eq.~39!
also provides the accurate energy of the surface plasmo
the long-wavelength limit.
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III. RESULTS AND DISCUSSION

By means of the theoretical framework in Sec. II, w
examine the evolution of elementary excitations at a do
polar semiconductor surface in a depletion-layer format
process. As stated in Sec. I, hydrogen adsorption on
n-type GaAs~110! surface induces a gradual formation of
carrier-depletion layer at the surface. Our calculations d
with this case. The donor densityn0 and the temperatureT
are taken to ben051.331018cm23 and T5300 K, respec-
tively, corresponding to the HREELS measurement in R
35. Other parameter values are chosen to bem* /m0
50.0702, «0512.85, «`510.88, \vTO533.25 meV, h
50.05 meV, and\g50.05 meV, wherem0 denotes the free-
electron mass. As mentioned in Sec. II, the effective m
m* is determined by taking account of appreciable nonpa
bolicity of the conduction-band dispersion. The energy d
persionE(k) in Eq. ~39! has been calculated by using th
band gap EG51.423 eV, the spin-orbit splittingDSO

50.341 eV, and the band-edge effective massm0*
50.0632m0 . The above values of«0 , «` , \vTO, EG , DSO

and m0* /m0 are quoted from a review on GaAs of Ref. 5
By using the Lyddane-Sachs-Teller relation, we can obt
the longitudinal optical-phonon energy of long waveleng
as\vLO536.14 meV. The above values ofm* and«0 give
the effective Bohr radiusaB* 5«0\2/m* e259.68 nm, and the
above carrier densityn0 corresponds to the effective densi
parameterr s* 50.587. Thisr s* value smaller than unity indi-
cates that our carrier system has a considerably high ef
tive density. We employ considerably small values f
relaxation-rate parametersh andg so that we can readily find
when the Landau damping begins to broaden the reson
peak inv dependence ofF.

As shown in a clear manner both experimentally35 and
theoretically,44,45 there are three distinct coupled surfa
modes at eachQ in a finite and not too largeQ region. We
investigate the energy-loss intensity, the energy dispers
the coupling character, and the spatial structure of each
the three modes in the depletion-layer formation process

A. Higher-energy modeA

This is the higher-energy one of the two coupl
plasmon-phonon modes. Figure 1 shows thev dependence
of the surface energy-loss functionF at the surface-paralle
wave numberQ513105 cm21 ~a!, 33105 cm21 ~b!, and 5
3105 cm21 ~c!. The numeral 0, 1, 2, or 3 on each curve wi
calculated points on it indicates the depleted carrier den
Ns in units of 1012cm22. Each panel represents the variatio
in the resonance peak corresponding to the modeA in the
depletion-layer formation process. We should note that
panel~c!, theF values forNs50 cm22 are scaled on the righ
ordinate, while those for the otherNs values are graduated o
the left ordinate. With formation of the depletion layer, th
semi-infinite carrier system retreats from the surface into
depth, and surface excitations of this carrier system begi
suffer from the effect of the polarized depletion layer ma
of the dielectric medium. The mode energy shifts downwa
and the energy-loss intensity declines with increase inNs at
2-6
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EVOLUTION OF ELEMENTARY EXCITATIONS AT A . . . PHYSICAL REVIEW B63 165322
each of the threeQ values. AtQ513105 cm21, there is no
substantial change in the peak width, and this width can
explained by the relaxation-rate constantsh and g. At a
larger Q value, however, the resonance peak tends
broaden with increase inNs . Especially, at Q55
3105 cm21, the resonance peak broadens and declines
matically in the depletion-layer formation process. Our res
can be compared with another result in Fig. 3 of Ref.
which exhibits theNs dependence of the resonance peak
Q58.63105 cm21 for n05331017cm23, andT5300 K. In
the latter result for a largerQ value, the resonance peak
considerably broad even in the absence of carrier deple
(Ns50 cm22). In view of this broadening at a largerQ
value, the resonance peak forNs50 cm22 in our result,
which is very sharp over the wholeQ range analyzed here, i

FIG. 1. v dependence of the surface energy-loss functionF of
the higher-energy modeA at Q513105 cm21 ~a!, 33105 cm21

~b!, and 53105 cm21. The numeral 0, 1, 2, or 3 on each curv
represents the depleted carrier densityNs in units of 1012 cm22. The
curve forNs50 cm22 in ~c! is scaled on the right ordinate.
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considered to become broader with further increase inQ. The
above peak broadening can be ascribed to the Landau da
ing, namely, the effect of single-particle excitations on pla
mons. The Landau damping begins to operate more ef
tively with a decrease in the mode energy, particularly a
largerQ value.

We can obtain the energy dispersion by locating the p
position ofF at variousQ values. Figure 2 displays the varia
tion in the energy dispersion in the depletion-layer format
process. Each connected series of calculated points indic
the energy dispersion for the depleted carrier densityNs
specified in units of 1012cm22. In our considerably high car
rier concentration, the energy of the modeA is significantly
higher than the phonon energy regime, and as shown be
plasmon character becomes influential in this mode. In
absence of carrier depletion (Ns50 cm22), the mode energy
shows an upward dispersion through the whole range oQ.
With an increase inNs , however, the dispersion curve de
scends, and the upward dispersion atNs50 cm22 evolves
into a warped dispersion that is downward in a smallerQ
range and that turns upward in a largerQ region. This
warped dispersion is already obtained for surface plasm
in a slab system42,43 and for surface plasmons coupled wi
surface polar phonons in a semi-infinite system,39 both in the
presence of a substantial depletion layer. In the above
system, the surface plasmons on both sides interact with e
other, which gives rise to two dispersion branches. The up
one of them corresponds to the dispersion branch in our
sult. The warped dispersion in the presence of the deple
layer results from competition between the plasmon nat
that tends toward an upward dispersion and the effect of
depletion layer that leans toward a downward dispersi
The induced electric field generated bydr attenuates in the
depletion layer with a decay distance;Q21. We should
notice that the depletion layer also has a large backgro
dielectric constant«` . With an increase inQ, the induced
electric field issuing fromdr and flowing through the deple
tion layer becomes more deeply embedded in the deple
layer of the dielectric medium, which leads to a downwa
dispersion.39 With an increase inNs , the excitation mode a
a largerQ value shows a remarkable downward shift in e

FIG. 2. Variation in the energy dispersion of the modeA in the
depletion-layer formation process. Each series of connected po
shows the energy dispersion for the depleted carrier densityNs

specified in units of 1012 cm22.
2-7
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FIG. 3. Plot offEL(0)/U(0), fPH(0)/U(0),
fSBG(0)/U(0), andfSPH(0)/U(0) of the mode
A at Q533105 cm21 for the depleted carrier
density Ns50 cm22 ~a!, 131012 cm22 ~b!, 2
31012 cm22 ~c!, and 331012 cm22 ~d!. In each
panel, the abscissa and the ordinate represent
real and imaginary axes, respectively. This figu
elucidates the phase relation and the amplitu
ratio of the induced charge components.
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ergy, and simultaneously declines in energy-loss inten
significantly with the broadening of the resonance peak.

Here, we concentrate our attention on the modeA at Q
533105 cm21, and investigate the coupling character a
the spatial structure of this mode in the depletion-layer f
mation process. Figure 3 exhibits the plot offEL(0)/U(0),
fPH(0)/U(0), fSBG(0)/U(0), and fSPH(0)/U(0) of this
mode on the complex plane as a circle, a square, a diam
and a triangle, respectively. The four panels~a!–~d! are as-
signed to the values ofNs50 cm22, 131012cm22, 2
31012cm22, and 331012cm22, respectively, and they cor
respond to the four points atQ533105 cm21 in Fig. 2. In
each panel, the abscissa and the ordinate are the rea
imaginary axes, respectively. The four complex values
each panel sum up tof(0)/U(0), and thepotential ratio
V(0)/U(0)$5@U(0)1f(0)#/U(0)% becomes almost pur
imaginary at resonance, because the resonance corresp
to a pole of Eq. ~20!. The imaginary parts of
2fEL(0)/U(0), 2fPH(0)/U(0), 2fSBG(0)/U(0), and
2fSPH(0)/U(0) indicate the contributions ofdrEL , drPH,
sBG, andsPH to the surface energy-loss intensityF, respec-
tively. These four imaginary parts add up to the value ofF.
This plot elucidates the phase relation and the amplitude
tio of the induced charge components in spatial variat
along the direction ofQ, and the contribution of each in
duced charge component toF. Figure 4 displays the variation
in the induced charge-density distribution in the depletio
layer formation process, along with the variation in t
carrier-density profile in thermal equilibrium. Thex axis ori-
ented to the direction ofQ and thez axis normal to the
surface are scaled in units ofQ21(533.3 nm) andaB*
(59.68 nm), respectively. In each panel with theNs value
specified, the upper part exhibits the variation
aB* s(x)/V(0) ~full curve, TL! and its decomposition into th
background component~broken curve, BG! and the phonon
component~dotted curve, PH!. The left-lower portion is the
contour map of (aB* )2dr(x,z)/V(0). Asstated in Sec. II, the
induced charge-density distributiondr(x,z) is composed of
the carrier componentdrEL(x,z) and the phonon componen
drPH(x,z). The right part shows the carrier-density distrib
tion in thermal equilibrium with itsz scale matched to that in
the contour map. The vertical broken line represents the
mogeneous donor density. This density profile is adap
from Ref. 36.

Before analyzing surface excitations, we mention
carrier-density distribution in thermal equilibrium. As stat
in Sec. II, we can assume an infinite potential barrier at
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surfacez50, and impose a boundary condition that envelo
functions of carriers vanish at the surface. In the absenc
carrier depletion (Ns50 cm22), the carrier densityn rises
quickly from zero, and a conspicuous peak emerges nea
surface in the carrier-density profile, because carriers
confined by the surface potential barrier atz50 @see the
right part of Fig. 4~a!#. With an increase in thickness of th
depletion layer, however, the above surface potential bar
reduces its influence on carriers, and the upward-bend
effective potential starts to play the main role in restricti
carriers to the inside. Therefore, the above peak in the d
sity profile gradually dwindles away, and the carrier dens
begins to rise more slowly@follow the right parts of Figs.
4~a!–4~d!#. In view of considerable degeneracy of our carr
system, the rising rate ofn could be fairly well scaled by the
inverse Fermi wave numberkF

2152.96 nm (kF
21/aB*

50.306) in the absence of carrier depletion and by
Thomas-Fermi screening lengthkTF

2154.75 nm (kTF
21/aB*

50.490) in the presence of a substantial depletion layer
Here, we investigate the coupling character and the spa

structure of the modeA at Q533105 cm21. As seen from
Fig. 3, regardless ofNs , the complex valuefEL(0)/U(0)
has the same phase asfPH(0)/U(0), and theformer has a
larger absolute value than the latter. This indicates that
variation indrEL(x,z) alongx is in a coherent-phase relatio
with that in drPH(x,z) along x, and that the variation in
drEL(x,z) has a larger amplitude than that indrPH(x,z).
This predominance ofdrEL over drPH in amplitude implies
that, in our considerably high carrier concentration, plasm
character becomes influential in this mode. In contribution
the surface energy-loss intensityF, drEL anddrPH cooperate
to enhanceF, because bothfEL(0)/U(0) andfPH(0)/U(0)
have negative imaginary parts. AtNs50 cm22, the ampli-
tude of drEL is much larger than that ofdrPH. With an
increase inNs , however, the phonon componentdrPH in-
creases its contribution, and its amplitude becomes as l
as about one third of that ofdrEL . Next, we turn our atten-
tion to fSBG(0)/U(0) andfSPH(0)/U(0). As seen from the
phase relation and the amplitude ratio of these complex
ues, irrespective ofNs , the variation insBG(x) is in an an-
tiphase relation with that insPH(x), and the background
componentsBG(x) has a larger amplitude. The imagina
parts offSBG(0)/U(0) andfSPH(0)/U(0) are negative and
positive, respectively. Accordingly, the background comp
nent sBG operates to intensifyF, whereassPH acts to sup-
press it. AtNs50 cm22, the amplitude ofsBG is much larger
than that ofsPH. With an increase inNs , however, the pho-
2-8



t

e. The

EVOLUTION OF ELEMENTARY EXCITATIONS AT A . . . PHYSICAL REVIEW B63 165322
FIG. 4. Evolution of the induced charge-density distribution of the modeA at Q533105 cm21 and the carrier-density distribution in
thermal equilibrium in the depletion-layer formation process. In each panel with the depleted carrier densityNs specified, the upper par
exhibits the distribution of the induced surface-charge density~TL! and its decomposition into the background component~BG! and the
phonon component~PH!. The left-lower area displays the contour map of the induced charge-density distribution below the surfac
right portion presents the carrier-density distribution in thermal equilibrium. Thex axis in the direction ofQ and thez axis normal to the
surface are scaled in units ofQ21 andaB* , respectively.
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non componentsPH grows in contribution, and its amplitud
comes up to about one fourth of that ofsBG. The antiphase
relation and the amplitude ratio ofsBG andsPH are evident
in the decomposition ofs in Fig. 4 as well. The above
growth in the amplitude ratio ofdrPH to drEL and sPH to
sBG implies that, as the mode energy descends toward
phonon energy regime with increasingNs , the phonon com-
ponent begins to make more contribution todr and s. In
other words, plasmon character becomes less predom
with an increase inNs . Generally, in coupled plasmon
phonon modes of III-V compound semiconductors, po
phonons make less contribution to the energy-loss inten
than carrier plasmons, because polarity is not so strong.
cordingly, the above decline in plasmon character operate
reduce the surface energy-loss intensity. This is similar to
variation in the higher-energy one of the coupled modes w
a decrease in doping level. As the mode energy falls tow
the phonon energy regime with a decrease inn0 , plasmon
character becomes less influential through coupling with
lar phonons, and the integrated energy-loss intensity dr
more significantly than it does in pure plasmon modes. T
significant intensity drop is found both in the bulk57 and at
the surface.45
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To analyze phenomena only inside the material (z<0),
we can assume the external potential to be generated
those external charges that lie right on the surface (z50).
The added potentialfS(0)1U(0), wherefS(0) is defined
by fS(0)5fSBG(0)1fSPH(0), is produced by the compo
nent ofs that survives after canceling out the above exter
charges. In view of the fact that the complex value@fS(0)
1U(0)#/U(0) has almost the same phase as@fEL(0)
1fPH(0)#/U(0), we canrealize that the variation in the
surviving component ofs along x is almost coherent with
that in dr alongx.

Next, we examine the contour map of the induced char
density distribution, along with the carrier-density profile
thermal equilibrium. AtNs50 cm22, the main structure in
contours ofdr(x,z) is an alternating array of a high moun
tain and a deep valley in a surface regionuzu/aB* &0.8, where
the thermal-equilibrium carrier densityn rises rapidly from
zero and forms a peak near the surface. The center of
main structure is located in a high-density region (n;n0)
near the peak in the carrier-density profile. Each high mo
tain or each deep valley in the main structure has a long
extending down into the deeper region. This extending f
ture results from the fact that the surface-mode energy
2-9
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FIG. 5. Same as Fig. 4, but of the modeA with ~a! Ns50 cm22, Q513105 cm21, ~b! Ns50 cm22, Q553105 cm21, ~c! Ns53
31012 cm22, Q513105 cm21, and~d! Ns5331012 cm22, Q553105 cm21.
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slightly below or almost equal to the bottom of the project
bulk-mode band, because of high background polariza
«`(@1). This fact can be understood by a simple evaluat
using the local-response theory. In the absence of polar p
non, for example, the surface-plasmon frequencyvSPL at Q
50 is expressed asvSPL5@«` /(«`11)#1/2vBPL , which is
slightly below the bulk-plasmon frequencyvBPL at wave
numberq50. As the surface-mode energy becomes furt
lower than the bulk-mode energies with an increase inNs ,
the above extending feature dwindles away, and simu
neously, the main structure begins to extend in a broadz
range where the carrier densityn rises slowly toward the
bulk valuen0 @follow Figs. 4~a! to 4~d!#.

Here, we comment on a distorted feature in the m
structure in Fig. 4~b!. With an increase inNs from 0 cm22 to
131012cm22, the carrier densityn drops dramatically nea
the surface, and it starts to rise from zero slowly and mo
tonically without forming a peak. However, the surface p
tential barrier atz50 still exerts a significant influence o
carriers, as is evident from the fact thatn rises from zero just
at the surfacez50 @see the right part of Fig. 4~b!#. The
center of the main structure occurs still near the surface
in a lower-density region (n;n0/2) wheren is increasing
towardn0 . In this situation, a distorted feature appears in
main structure atNs5131012cm22. This feature suggest
that the center of the main structure tends to fall behind
propagating along the surface. As the main structure
comes separated from the surface with a further increas
16532
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Ns , this distorted feature disappears, and the main struc
evolves into those round patterns at a distance from the
face that lie in a widerz range, wheren rises slowly and
monotonically.

Here, we mention the relation between the induc
charge-density distribution and the energy-loss intensity. T
carrier componentdrEL plays the leading role in the modeA
with strong plasmon character. As seen from Eqs.~19!, ~29!,
and~30!, the imaginary part of2drEL(z)/U(0) is associated
with the energy-loss intensityF. Because of the weight fac
tor eQz in Eq. ~30!, the induced chargesdrEL nearer to the
surface make more contribution toF. At Ns50 cm22, the
main structure with concentrated induced charges just n
the surface gives rise to stronger intensity ofF. With the
formation of the depletion layer, the induced charges beco
separated from the surface, which operates to reduceF. In
addition, the above-stated decline in plasmon character
to suppress the value of Im@2drEL(z)/U(0)#.

So far, we have analyzed the mode atQ533105 cm21

with change inNs . Next, we turn our attention to the mod
A at otherQ values. Figure 5 exhibits the spatial structure
the modeA with ~a! Ns50 cm22, Q513105 cm21, ~b! Ns
50 cm22, Q553105 cm21, ~c! Ns5331012cm22, Q51
3105 cm21, and ~d! Ns5331012cm22, Q553105 cm21.
This figure is organized in the same fashion as Fig. 4. Ir
spective of theQ value, the contour lines forNs50 cm22 are
constituted of the main structure with concentrated indu
charges in a surface region and the tails extending down
2-10
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the depth. As seen from Fig. 5~a!, at Q513105 cm21, the
extending tails present a perceptible oscillation that can
ascribed to the interference of electronic waves impinging
and reflected from the surface. However, this oscillation
hardly be perceived at a largerQ value, Q553105 cm21

@see Fig. 5~b!#. In the light of considerable degeneracy of o
carrier system, the period of oscillation at a smallerQ value
could be reasonably well scaled bykF

2152.96 nm (kF
21/aB*

50.306). This oscillation can also be found in anoth
dynamical-response calculation forn05331017cm23 and
T5300 K, which assumes a flat band even near the sur
and the Maxwell-Boltzmann distribution for carriers.58 In our
previous calculation forn-type InSb atT50 K, assuming a
flat band at the surface, the extending contour lines show
outstanding oscillation due to the above-mention
interference.44,45 However, the present result forT5300 K
exhibits only modest oscillations in the extending tails ev
at a smallerQ value, because the temperature effect opera
to smear out these oscillations. This is consistent with
temperature dependence of the carrier-density distribu
n(z) near the surface.36 At T50 K, there is a small oscilla-
tion superimposed on the density curve approaching the
density. At T5300 K, however, thermal excitations up
higher electron states operate to wash out this density o
lation.

At Ns5331012cm22, each high mountain or each dee
valley in the main structure has no tails extending into
deeper region. AtQ513105 cm21, the main structure tend
to be localized in az range, wheren rises slowly and mono-
tonically, and displays signs of the above-mentioned osc
tion only in contour lines of the lowest absolute value@see
Fig. 5~c!#. With an increase inQ, however, the lower part o
the main structure begins to extend downward, and the s
of the oscillation disappear. AtQ553105 cm21, distorted
features of contour lines imply that the lower extending p
tends to go forward in propagating along the surface@see
Fig. 5~d!#. This extending feature could be attributed to t
Landau damping, namely, the damping effect of sing
particle excitations between semi-infinite electron states
plasmons, because the Landau damping is found to ope
effectively in this mode, as shown in Fig. 1~c!. In addition,
the Landau damping is also responsible for the fact that
variation ins(x) in Fig. 5~d! is obviously different in phase
from that in any other panel in Figs. 4 and 5. In the case
Fig. 5~d!, because of the Landau damping, the posit
imaginary part of«S(Q,v) becomes significantly larger tha
uRe«S(Q,v)u, and the argument of«S(Q,v) becomes close
to p/2 radian. Here, the symbol Re signifies the real p
This is in sharp contrast to any other case where Im«S(Q,v)
is small compared withuRe«S(Q,v)u('1), and «S(Q,v)
has an argument close top radian. Equations~26! and ~27!
assert that the difference in argument of«S(Q,v) gives rise
to that in phase ofs(x).

In view of the above result, we analyze the variation
the higher-energy loss peak in the EEL spectrum in Fig. 2
Ref. 35. For this analysis, first we need to locate a dispers
region probed in this EELS measurement in the specu
reflection geometry. The EEL intensity at each energy\v
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can be obtained by integrating inQ the product of a kine-
matic factorK(Q,v) and the surface energy-loss functio
F(Q,v) ~see, e.g., Eqs.~2.1! and ~2.3! in Ref. 41!. The ki-
nematic factorK(Q,v) depends upon the scattering proce
of an incident electron, and consequently, upon the incid
anglea and the incident energyE0 . At each\v value, we
can evaluate a probedQ region from an ellipselike area o
the Q plane whereK assumes values larger than half
maximum. From this evaluation fora545° andE059 eV in
Ref. 35, we find that, at\v'48 meV, the probed region
spreads fromQ'2.03105 cm21 to Q'5.63105 cm21. This
probed region, which is rather broad, is included in the d
persion diagram of Fig. 2. With an increase inNs , the
higher-energy loss peak in the EEL spectrum shows a do
ward shift in energy and a conspicuous decline in intens
The downward shift in the dispersion branch with an
crease inNs corresponds to that in the loss peak in the sp
trum. With formation of the depletion layer, the separation
the carrier system from the surface and the decline in p
mon character cooperate to reduce the surface energy
intensity. In addition, the Landau damping also starts to
erate effectively to suppress it in a largerQ region. These
cooperative effects explain the remarkable decline in
loss-peak intensity in the spectrum.

B. Lower-energy modeB

This is the lower-energy one of the two coupled plasmo
phonon modes. Figure 6 displays thev dependence ofF of
the lower-energy modeB at Q523105 cm21 ~a! and 4
3105 cm21 ~b!. This figure is laid out in the same manner
Fig. 1. With an increase inNs , the mode energy shows
downward shift at eachQ value, and the resonance pea
broadens remarkably at a largerQ value@see Fig. 6~b!#. This
broadening originates from the Landau damping. The ab
behavior with change inNs is similar to that in the modeA.
However, in the modeB, the downward shift is small, and
the resonance intensity is weak, compared with those in
modeA. In addition, in the modeB, we can find no definite
decrease or increase in its integrated energy-loss inten
with change inNs . As mentioned below, this intensity reten
tion can be attributed to a few competing effects. Figure
presents the evolution of the energy dispersion of the modB
in the depletion-layer formation process. At our considera
high carrier concentration (n051.331018cm23), the disper-
sion curve of the modeB lies only a few meV below the
transverse optical-phonon energy\vTO533.25 meV. With
an increase inNs , the dispersion curve makes a gradual d
scent, and an upward dispersion atNs50 cm22 turns into a
warped dispersion. This variation in the dispersion is sim
to that in the modeA, aside from the fact that the energy sh
is small in the modeB with a considerable phonon compo
nent. Figures 8 and 9 show the variation infEL(0)/U(0),
fPH(0)/U(0), fSBG(0)/U(0), andfSPH(0)/U(0), andthat
in the induced charge-density distribution of the modeB at
Q523105 cm21, respectively. These figures conform to th
same formats as in Figs. 3 and 4, respectively.
2-11
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TAKESHI INAOKA PHYSICAL REVIEW B 63 165322
The coupling character in the modeB stands in sharp
contrast to that in the modeA. As seen from Fig. 8, irrespec
tive of Ns , the variation indrEL(x,z) along x is in an an-
tiphase relation with that indrPH(x,z) along x, and the
former has a larger amplitude than the latter. The car
componentdrEL operates to enhanceF, while the phonon
componentdrPH acts to reduce it. Because of our consid
ably high carrier concentration, the mode energy is close
the phonon energy regime, and the contribution ofdrPH be-

FIG. 6. v dependence of the surface energy-loss functionF of
the lower-energy modeB at Q523105 cm21 ~a! and 4
3105 cm21 ~b!. The numeral 0, 1, 2, or 3 denotes the deple
carrier densityNs in units of 1012 cm22.

FIG. 7. Variation in the energy dispersion of the modeB in the
depletion-layer formation process. Organized in the same mann
Fig. 2.
16532
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comes comparable to that ofdrEL . Accordingly, there oc-
curs a significant cancellation betweendrEL and drPH,
which leads to the weak energy-loss intensity of the modeB.
However, we should note thatdrEL always makes more con
tribution to dr thandrPH. As shown in Fig. 8, the variation
in sPH(x) is in a coherent-phase relation with that
sBG(x), and both of these components operate to inten
F. The amplitude ofsPH is comparable to that ofsBG in the
modeB, though the former is much smaller than the latter
the modeA with strong plasmon character. With an increa
in Ns , the amplitude ratio ofdrPH to drEL and that ofsPH to
sBG decrease gradually@follow Figs. 8~a! to 8~d!#. This im-
plies that, as the mode energy falls further below the pho
energy regime with increasingNs , phonon character be
comes weaker, namely, the modeB begins to acquire more
plasmon character. This increase in plasmon character o
ates to enhanceF, whereas the presence of the depleti
layer separates the induced chargesdr from the surface,
which acts to reduceF. In addition, the Landau damping als
comes into play to suppressF in a largerQ region. These
competing effects are considered to be responsible for
fact that the integrated energy-loss intensity of the modB
shows no definite decrease or increase with change inNs
~see Fig. 6!. The above effect of the increasing plasmon ch
acter can also be recognized from the doping-level dep
dence of the lower-energy one of the coupled plasm
phonon modes. We are now concerned with a high
concentration regime involving significant cancellation b
tweendrEL anddrPH. As the mode energy makes a gradu
descent further below\vTO with a decrease inn0 , plasmon
character begins to grow in this mode with a weakening
the above cancellation, which gives rise to an outstand
enhancement of the integrated energy-loss intensity. This
hancement is found both in the bulk57 and at the surface.45

In the same manner as in the modeA, we can assume tha
the external charges lie right on the surface (z50), and con-
sider the component ofs that survives after canceling out th
external charges. From an analysis of the phase relatio
Fig. 8, we find that the variation in the surviving compone
of s alongx is nearly coherent with that indr alongx. This
is the same phase relation as in the modeA.

The evolution of the induced charge-density distributi
with an increase inNs in Fig. 9 is similar to that in the mode
A in Fig. 4. As seen from Fig. 9~a!, at Ns50 cm22, the main
structure having concentrated induced charges lies in a
face regionuzu/aB* &0.8, wheren rises quickly from zero and
builds up a peak near the surface. This main structure
long tails extending down into the deeper region. Only in t
initial stage ofNs5131012cm22, there appears a distorte
feature in the main structure that implies that the center
the main structure tends to fall behind in propagating alo
the surface. As the mode energy descends gradually wit
increase inNs , the above extending feature becomes le
conspicuous, and simultaneously, the main structure star
extend in a thicker layer wheren rises slowly and monotoni-
cally toward its bulk valuen0 . The reason why the spatia
structure of the modeB is similar to that of the modeA with
strong plasmon character is that, in the modeB as well, the

d

as
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FIG. 8. Plot offEL(0)/U(0), fPH(0)/U(0),
fSBG(0)/U(0), andfSPH(0)/U(0) of the mode
B at Q523105 cm21 for four Ns values speci-
fied. Organized in the same fashion as Fig. 3.
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the
carrier componentdrEL makes more contribution todr than
the phonon componentdrPH, though the mode energy i
close to the phonon energy regime.

In Fig. 9, we have examined the modeB at Q52
3105 cm21. Figure 10 exhibits the spatial structure of th
modeB with otherQ values, namely, with~a! Ns50 cm22,
Q513105 cm21, ~b! Ns50 cm22, Q543105 cm21, ~c!
Ns5331012cm22, Q513105 cm21, and ~d! Ns53
31012cm22, Q543105 cm21. In these cases as well, w
can find the similarity in spatial structure between the mo
A and B. Only in a smallerQ region, we can observe
contour oscillation that stems from the electronic interf
ence@see Figs. 10~a! and 10~c!#. Because of temperature e
fects, the contour oscillation forNs50 cm22 and T5300 K
in Fig. 10~a! is not so conspicuous as that obtained in o
16532
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previous calculation forn-type InSb atT50 K assuming a
flat band at the surface.45 In a mode with a largerQ value in
the presence of a substantial depletion layer@see Fig. 10~d!#,
the lower part of the main structure extends downward, a
presents a distorted feature, which suggests that the lo
extending part tends to go forward in propagating along
surface. This extending feature could be ascribed to the L
dau damping. This damping also accounts for the fact t
the variation ins(x) in Fig. 10~d! is evidently different in
phase from that in any other panel of Figs. 9 and 10. We a
notice an initial phase deviation ins(x) in Fig. 10~b!.

Based upon the above result of the modeB, we can un-
derstand the variation in the lower-energy loss peak in
EEL spectrum of Ref. 35. At\v'31 meV, the probedQ
region extends from Q'1.33105 cm21 to Q'3.6
FIG. 9. Evolution of the induced charge-density distribution of the modeB at Q523105 cm21 and the carrier-density distribution in
thermal equilibrium in the depletion-layer formation process. Organized in the same way as Fig. 4.
2-13
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FIG. 10. Same as Fig. 9, but of the modeB with ~a! Ns50 cm22, Q513105 cm21, ~b! Ns50 cm22, Q543105 cm21, ~c! Ns53
31012 cm22, Q513105 cm21, and~d! Ns5331012 cm22, Q543105 cm21.
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3105 cm21. With an increase inNs , this loss peak in the
spectrum exhibits a small downward shift in energy witho
any definite decline or growth in intensity. The small dow
ward shift in the loss peak results from that in the dispers
curve in Fig. 7. The intensity retention with an increase inNs
can be attributed to the above-mentioned competing eff
in contribution to the energy-loss intensity. As seen fro
Fig. 6, the energy-loss intensity of the modeB declines re-
markably with an increase inQ for eachNs value. This is the
same feature as in the modeA. The above probedQ region
lower than that for the modeA is favorable to collecting the
energy-loss intensity of the modeB weaker than that of the
modeA.

C. Intermediate-energy modeC

The intermediate-energy modeC is the surface optical-
phonon mode that undergoes the screening effect du
presence of carriers. Figure 11 shows thev dependence ofF
of the modeC at Q513105 cm21 ~a!, 33105 cm21 ~b!, and
53105 cm21 ~c!. The ordinate is scaled differently in thes
panels. The resonance peak of the modeC grows remark-
ably, asNs increases at eachQ value, or asQ becomes larger
with Ns fixed. At eachQ value, the resonance peak prese
a sight or small downward shift with an increase inNs . By
locating the peak position ofF at variousQ values, we can
obtain the energy dispersion displayed in Fig. 12. This fig
is organized in the same fashion as Figs. 2 and 7. In Fig.
16532
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the symbols\vLO and\vSPH denote, respectively, the bul
longitudinal-optical-phonon energy and the surface optic
phonon energy of long wavelength, both in the absence
carriers. The mode energy descends toward\vSPH, as Ns

increases at eachQ value, or asQ becomes larger at eachNs

value. The energy descent withNs is conspicuous at a large
Q value, and that withQ is outstanding at a largerNs value.
The mode energy is close to\vLO in a smallQ region. As
described below, the striking change in the energy-loss
tensity and the small, but meaningful shift in the mode e
ergy reflect the variation in the screening effect. Figure
displays the plot of fS(0)/U(0), fPH(0)/U(0),
fEL(0)/U(0), and V(0)/U(0) of the modeC at Q53
3105 cm21 as a triangle, a square, a circle, and a diamo
respectively. The imaginary part of2fS(0)/U(0) @fS(0)
5fSPH(0)1fSBG(0)# indicates the contribution ofs
(5sPH1sBG) to F, and that of2V(0)/U(0) is equal to the
value ofF. The four panels~a!–~d! with Ns specified corre-
spond to the four points atQ533105 cm21 in Fig. 12.

Here, we mention how the surface optical-phonon mo
suffers the screening effect due to the existence of carri
In the absence of carriers, the surface phonon mode ha
induced charges only at the surface (z50). These induced
chargess arise from the termination of the phonon and bac
ground polarization atz50. In the presence of carriers, how
ever, induced chargesdr occur below the surfacez50 as
well. Though the presence of carriers is essential
2-14
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EVOLUTION OF ELEMENTARY EXCITATIONS AT A . . . PHYSICAL REVIEW B63 165322
the occurrence ofdr, it is not drEL but drPH that constitutes
the major part ofdr, as seen from the fact thatufEL(0)u is
quite small compared withufPH(0)u ~see Fig. 13!. The pho-
non plays the principal part in this mode. The induc
charges dr operate againsts to reduce F, because
Im@$fPH(0)1fEL(0)%/U(0)# is positive. This implies that
the induced chargesdr exert the screening effect on the su
face optical phonon governed bys.

As shown in Fig. 13~a!, at Ns50 cm22, a negative imagi-
nary part of fS(0)/U(0) and a positive one of$fPH(0)
1fEL(0)%/U(0) tend to cancel out each other significant
This indicates a strong screening effect, which leads t
very small value ofF. With increasingNs , however, the
above cancellation becomes weaker, which results in a

FIG. 11. v dependence of the surface energy-loss functionF of
the intermediate-energy modeC at Q513105 cm21 ~a!, 3
3105 cm21 ~b!, and 53105 cm21 ~c!. Organized in the same man
ner as Figs. 1 and 6.
16532
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markable enhancement ofF. As the depletion layer become
thicker, the screening chargesdr becomes further separate
from s, and the screening ofdr on s operates less effec
tively. This is responsible for the growth in the resonan
peak in Fig. 11 and the downward shift in the mode ene
in Fig. 12 with an increase inNs .

The screening effect depends uponQ remarkably, because
the induced potential produced by the screening chargedr
attenuates exponentially with a decay distanceQ21 in the
carrier-deficient layer abovedr. As the screening ofdr on s
operates less effectively with an increase inQ, the mode
energy descends toward\vSPH and the energy-loss intensit
becomes stronger. This variation in energy and intensity
more prominent for a thicker depletion layer.

As in the analysis of the modeA or B, we can assume tha
the external charges exist right on the surface (z50), and
examine the component ofs that survives after canceling ou
the external charges. The phase relation in Fig. 13 indic
that the variation in the surviving component ofs alongx is
almost in antiphase relation with that indr alongx, in accor-
dance with the result in our previous calculation, assumin
flat band at the surface.45 This antiphase relation in shar
contrast to the coherent-phase relation in the modeA or B
leads to a nearly vertical electric field in a layer intermedi
betweens anddr.45

Next, we focus our attention on the induced charg
density distribution of the modeC at Q533105 cm21. Fig-
ure 14 conforms to the same format as in Figs. 4 and 9.
panels~a! and ~b! are for Ns50 cm22 and 331012cm22,
respectively. Regardless ofNs , the variation insPH(x) and
that insBG(x) tend to cancel out each other strongly, and t
amplitude ofsPH(x) is somewhat larger than that ofsBG(x).
In fact, this antiphase relation follows from Eq.~28! with the
aid of Eq. ~3!, when the mode frequencyv is higher than
vTO, and the relaxation-rate constantg is not so large. Irre-
spective ofNs , contour lines ofdr(x,z) present outstanding
tails streaming in the opposite direction toQ. These stream-
ing tails indicate that the surface optical phonon propaga
along the surface dragging the screening chargesdr. Figure
15 clarifies the evolution ofdr of the modeC at Q53
3105 cm21 with a change inNs . The left and middle panels
exhibit thez dependence of the absolute value and the ar

FIG. 12. Variation in the energy dispersion of the modeC in the
depletion-layer formation process. Organized in the same mann
Figs. 2 and 7. The symbols\vLO and\vSPH signify, respectively,
the bulk longitudinal-optical-phonon energy and the surface opti
phonon energy of long wavelength, both in the absence of carr
2-15
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FIG. 13. Plot offS(0)/U(0), fPH(0)/U(0),
fEL(0)/U(0), andV(0)/U(0) of the modeC at
Q533105 cm21 for four Ns values specified.
The potential fS(0) is defined by fS(0)
5fSPH(0)1fSBG(0).
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ment ~arg! of (aB* )2dr(Q,z,v)/V(0), respectively. These
panels elucidate the amplitude and the phase of the sp
variation indr at each depthz. In the left panel, the value o
(aB* )2udr(Q,z,v)/V(0)u is doubled in two broken curves, a
marked by the sign ‘32’. The spatial variation indr in these
panels can be compared with the carrier-density distribu
n(z) in thermal equilibrium in the right panel. In each pan
the numeral 0, 1, 2, or 3 on each curve represents theNs
value in units of 1012cm22. At a largerNs value, the screen
ing chargesdr are distributed in a thicker layer, as is cons
tent with the fact thatn rises from zero more slowly near th
surface, and with the fact that the screening ofdr on s op-
erates less effectively. AtNs50 cm22, the peak of
(aB* )2udr(Q,z,v)/V(0)u is located at a depth of highern,

FIG. 14. Induced charge-density distribution of the modeC at
Q533105 cm21 and the carrier-density distribution in therm
equilibrium forNs50 cm22 ~a! and 331012 cm22 ~b!. Organized in
the same fashion as Figs. 4 and 9.
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while, at any otherNs value, it is situated at a depth wheren
is still on its initial rise and lower. WhenNs increases from 0
cm22 to 131012cm22, there occurs no substantial shift i
the above peak, because, at the stage ofNs5131012cm22,
the surface potential barrier atz50 still plays an important
role in restricting carriers to the inside of the material. W
a further increase inNs , the carriers begin to be confined i
the inside by the upward-bending effective potential, and
peak represents a significant shift to the depth. As seen f
the middle panel, at eachNs value, the argument o
dr(Q,z,v)/V(0) shows a marked monotonical increase
the deeper side of the peak ofudr(Q,z,v)/V(0)u. This
phase change corresponds to the fact that the surface op
phonon propagates along the surface dragging the scree
chargesdr. The argument increase is somewhat slower a
largerNs value. This may imply that the dragging declines
a larger Ns value where the screening effect becom
weaker.

So far, we have investigated the spatial structure of
modeC at Q533105 cm21. Here, we turn our attention to
the modeC at otherQ values. Figure 16 displays thez de-
pendence of (aB* )2udr(Q,z,v)/V(0)u ~left panel! and
arg@dr(Q,z,v)/V(0)# ~middle panel! of the modeC at Q
513105 cm21 and 93105 cm21 for each value ofNs
50 cm22 and 331012cm22. The numeral 1 or 9 on eac
curve indicates theQ value in units of 105 cm21, and full
curves and broken ones represent the results forNs
50 cm22 and 331012cm22, respectively. In the left panel

FIG. 15. z dependence of (aB* )2udr(Q,z,v)/V(0)u ~left panel!
and arg@dr(Q,z,v)/V(0)# ~middle panel! of the modeC at Q53
3105 cm21 in the depletion-layer formation process. The nume
0, 1, 2, or 3 on each curve signifies the depleted carrier densityNs

in units of 1012 cm22. Compared with the carrier-density distribu
tion in thermal equilibrium in the right panel.
2-16
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the value of (aB* )2udr(Q,z,v)/V(0)u is multiplied by five in
two broken curves. The four modes with various sets ofNs

and Q can be located in the dispersion diagram of Fig.
Figure 16 shows that the distribution ofdr for eachNs value
depends uponQ significantly. ThisQ dependence can b
related to that of the screening effect. When the screenin
dr on s operates more effectively at a smallerQ value, the
greater part of the electric field produced bys and dr is
confined in a layer that intervenes betweens anddr. In this
case, the mode energy becomes closer to\vLO , as exhibited
in Fig. 12, and the screening chargesdr are more localized
with the amplitude maximum nearer to the surface, as
played in the left panel of Fig. 16. This localization is qu
conspicuous atQ513105 cm21 and Ns50 cm22. This lo-
calized feature suggests that the screening chargesdr are
strongly attracted to the surface (z50) by the intense elec
tric field virtually normal to the surface. With an increase
Q, the screening effect becomes less powerful, and a la
fraction of the electric field generated bys leaks out above
the surface. In this process, the screening chargesdr extend
into the deeper region with a gradual shift in the amplitu
maximum to the depth, and the dragging character decl
gradually, as indicated by a slower increase in the argum

Finally, we analyze the variation in the middle loss pe
in the EEL spectrum of Ref. 35. At\v'36 meV, the probed
Q range spreads fromQ'1.53105 cm21 to Q'4.2
3105 cm21. With an increase inNs , the loss peak in the
EEL spectrum grows strikingly without any substantial sh
This intensity growth originates from the fact that, with a
increase in the depletion-layer thickness, the screening odr
on s operates less effectively, which leads to strong
energy-loss intensity. No substantial shift observed co
sponds to the fact that the dispersion branch shows too s
a downward shift to be detected. In addition, the loss pea
the spectrum is observed to gain stronger intensity, when
incident energyE0 is lowered in the presence of a substant
depletion layer formed~see Fig. 3 in Ref. 35!. In HREELS
with the specular-reflection geometry, loweringE0 is equiva-
lent to shifting the probedQ region to the higherQ side.39

The above intensity growth with a decrease inE0 can be
ascribed to the fact that, with an increase inQ, the screening

FIG. 16. Same as Fig. 15, but of the modeC with other Q
values. In the left and middle panels, the numeral 1 or 9 on e
curve designates theQ value in units of 105 cm21, and full curves
and broken ones are forNs50 cm22 and 331012 cm22, respec-
tively.
16532
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effect of dr on s becomes weaker, which results in the e
hancement of the energy-loss intensity.

Predicated upon the calculated results, we have analy
the variation in the EEL spectrum with an increase inNs .
Incidentally, it is far beyond our computing resources to c
culate the EEL spectrum itself on the basis of our calcu
tional scheme, because calculating even one mode takes
of CPU time, and we need to calculate a great numbe
modes in the broad probed region.

IV. SUMMARY

We have investigated the evolution of elementary exc
tions at a doped polar semiconductor surface in a deplet
layer formation process. The elementary excitations analy
are two coupled plasmon-phonon modes and the sur
optical-phonon mode involving screening charges. Our c
culations correspond to an HREELS experiment of ann-type
GaAs~110! surface on exposure to hydrogen at room te
perature where three loss peaks are clearly resolved.
induced charge densitydr below the surface is constituted o
the carrier componentdrEL due to carrier density fluctuation
and the phonon componentdrPH originating from longitudi-
nal polar-phonon polarization. The induced surface-cha
densitys owing to the termination of the polarization at th
surface is composed of the background componentsBG and
the phonon componentsPH. The x axis is oriented to the
direction of the surface-parallel wave vectorQ, and thez
axis is taken to be normal to the surface so that the mate
extends in the regionz,0. The surface energy-loss functio
F(Q,v) describes the intensity of the energy loss involv
in the dynamical response of the surface to the external
tential ofQ andv. The evolution of each excitation mode
summarized as follows:

A. Higher-energy modeA

This is the upper one of the two coupled plasmon-phon
modes at the surface.

~i! With an increase in the depleted carrier densityNs , the
energy-dispersion branch shifts downward, and an upw
dispersion atNs50 cm22 evolves into a warped dispersio
that is downward in a smallerQ region and that turns upwar
in a larger Q region. This warped dispersion stems fro
competition between the plasmon nature that tends towar
upward dispersion and the effect of the depletion layer t
leans toward a downward dispersion.

~ii ! In spatial variation alongx,drEL(x,z) is coherent with
drPH(x,z), whereassBG(x) is in an antiphase relation with
sPH(x), and sBG(x) has a larger amplitude. This couplin
character is independent ofNs . At our considerably high
carrier concentration, the carrier componentdrEL makes
more contribution todr than the phonon componentdrPH.

~iii ! As the dispersion branch descends toward the pho
energy regime with increase inNs , the phonon component
drPH andsPH increase their contribution todr ands, respec-
tively. This indicates that phonon character grows, and p
mon character becomes less influential.

h
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~iv! With an increase inNs , the separation of the carrie
system from the surface and the decline in plasmon chara
begin to cooperate to reduce the surface energy-loss inte
significantly. In addition, the Landau damping also starts
operate effectively to suppress it in a largerQ region.

~v! The descent of the dispersion branch in~i! and the
reduction in the loss intensity in~iv! elucidate the experi-
mental result that the corresponding loss peak in the E
spectrum shows a gradual downward shift in energy an
striking decline in intensity with increase inNs .

~vi! At Ns50 cm22, the induced charge-density distribu
tion dr(x,z) is composed of the main structure with conce
trated induced charges and the tails extending into the de
region. The main structure lies in a surface region where
thermal-equilibrium carrier densityn rises quickly from zero
and forms a prominent peak in the density profile. The
tending features can be attributed to the fact that the surf
mode energy is slightly below or almost equal to the bott
of the bulk-mode energies because of high background
larization. As the surface-mode energy becomes furt
lower than the bulk-mode energies with an increase inNs ,
the extending feature dwindles away, and the main struc
starts to extend in a broaderz range wheren rises slowly and
monotonically toward its bulk value.

~vii ! In a smallerQ range, there appear modest or slig
oscillations in contours ofdr(x,z) that can be ascribed to th
interference of electronic waves impinging on and reflec
from the surface.

~viii ! In the presence of a substantial depletion layer, w
an increase inQ, the lower part of the main structure i
dr(x,z) starts to extend downward and to show distor
features. This variation could be attributed to the Land
damping.

~ix! The Landau damping causes a phase shift in varia
of s(x) in a largerQ region and in the presence of a su
stantial depletion layer.

B. Lower-energy modeB

This is the lower one of the two coupled plasmon-phon
modes at the surface.

~i! The modeB displays a similar variation in the energ
dispersion to the modeA. With an increase inNs , the dis-
persion branch descends, and an upward dispersion aNs
50 cm22 changes into a warped dispersion. At our cons
erably high carrier concentration, the dispersion is weak,
the downward shift is small, compared with those of t
modeA with strong plasmon character.

~ii ! The coupling character of the modeB is in sharp
contrast to that of the modeA. In spatial variation along
x,drEL(x,z) is in an antiphase relation withdrPH(x,z), and
drEL(x,z) has a larger amplitude, whilesPH(x) is coherent
with sBG(x). This coupling character remains unchang
with change inNs . The predominance ofdrEL overdrPH in
amplitude underlies various similarities of the modeB to the
modeA in energy dispersion and in spatial structure. At o
considerably high carrier concentration, the above varia
in drEL(x,z) and that indrPH(x,z) tend to cancel out eac
other significantly.
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~iii ! As the dispersion branch descends further below
phonon energy regime with an increase inNs, the phonon
componentsdrPH andsPH decrease their contribution todr
and s, respectively. This implies that phonon character d
clines, and plasmon character becomes more influential.

~iv! With an increase inNs , the growth in plasmon char
acter begins to operate to intensifyF, whereas the separatio
of the carrier system from the surface starts to act to supp
it. In a largerQ region, the Landau damping also begins
function to reduce it. These competing effects are resp
sible for the fact that the surface energy-loss intensity sho
no definite increase or decrease with change inNs .

~v! The small downward shift in the dispersion branch
~i! and the retention of the loss intensity in~iv! explain the
experimental result that, with an increase inNs , the corre-
sponding loss peak in the EEL spectrum represents a s
downward shift in energy and no definite increase or
crease in intensity.

~vi! With an increase inNs , the modeB displays a similar
variation in dr(x,z) to the modeA. At Ns50 cm22, the
induced charge-density distributiondr(x,z) is constituted of
the main structure with concentrated induced charges and
tails extending into the deeper region. As the mode ene
drops gradually with an increase inNs , the extending feature
becomes less conspicuous, and the main structure begi
extend in a widerz range.

~vii ! In a smallerQ region, there emerge those oscillatio
in contours ofdr(x,z) due to the electronic interference th
are similar to those in the modeA.

~viii ! When there exists a substantial depletion layer, w
an increase inQ, the lower part of the main structure begin
to extend downward and to exhibit distorted features. T
variation, similar to that in the modeA, could be ascribed to
the Landau damping.

~ix! As in the modeA, the Landau damping gives rise to
phase shift in variation ofs(x) in a largerQ region, espe-
cially in the presence of a substantial depletion layer.

C. Intermediate-energy modeC

This is the surface optical-phonon mode that suffers
screening effect due to the presence of carriers. The indu
surface chargess, which dominate the surface optical pho
non, operate to intensityF, whereas the induced interna
chargesdr due to the presence of carriers act to reduce
This indicates that the induced chargesdr have the screening
effect on the surface optical phonon governed bys.

~i! The screening ofdr on s operates less effectively, a
Ns increases at eachQ value, or asQ becomes larger withNs
fixed.

~ii ! The mode energy becomes very close to\vLO in a
small Q region atNs50 cm22. The decline in the screenin
effect in ~i! leads to a gradual downward shift in the mo
energy toward\vSPH, namely, the surface optical-phono
energy in the absence of carriers.

~iii ! The decline in the screening effect in~i! entails a
remarkable increase in the surface energy-loss intensity.

~iv! From an experimental standpoint, the downward sh
in the mode energy in~ii ! is too small to observe. The virtu
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ally undetectable shift in the mode energy in~ii ! and the
noticeable increase in the loss intensity in~iii ! account for
the experimental result that the middle loss peak in the E
spectrum grows conspicuously without any substantial sh
with an increase inNs , or with a decrease in the inciden
electron energy.

~v! Regardless ofNs , contour lines ofdr(x,z) exhibit
outstanding tails streaming in the opposite direction toQ.
This implies that the surface optical phonon propaga
along the surface dragging the screening chargesdr.

~vi! As Ns increases withQ fixed, the screening charge
dr begin to be distributed in a thicker layer, as is consist
with the fact thatn rises from zero more slowly near th
surface and with the decline in the screening effect.
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~vii ! As Q becomes larger withNs fixed, the screening
chargesdr start to extend into the deeper region, and t
dragging character in~v! begins to decline, as is consiste
with the attenuation in the screening effect.
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C. Sébenne, J. Phys.: Condens. Matter5, 6613~1993!.
27Z. J. Gray-Grychowski, R. G. Egdell, B. A. Joyce, R. A. Str

dling, and K. Woodbridge, Surf. Sci.186, 482 ~1987!.
28M. Noguchi, K. Hirakawa, and T. Ikoma, Surf. Sci.271, 260

~1992!.
29T. S. Jones, M. O. Schweitzer, N. V. Richardson, G. R. Bell, a

C. F. McConville, Phys. Rev. B51, 17 675~1995!.
30G. R. Bell, C. F. McConville, C. P. A. Mulcahy, and T. S. Jone

J. Phys.: Condens. Matter9, 2903~1997!.
31G. A. Baraff and J. A. Appelbaum, Phys. Rev. B5, 475 ~1972!.
32D. H. Ehlers and D. L. Mills, Phys. Rev. B34, 3939~1986!.
33S. R. Streight and D. L. Mills, Phys. Rev. B37, 965 ~1988!.
34H. Yu and J. C. Hermanson, Phys. Rev. B40, 11 851~1989!.
35Y. Chen, S. Nannarone, J. Schaefer, J. C. Hermanson, and

Lapeyre, Phys. Rev. B39, 7653~1989!.
36T. Inaoka, Surf. Sci.431, 156 ~1999!.
37R. Matz and H. Lu¨th, Phys. Rev. Lett.46, 500 ~1981!.
38Ph. Lambin, J. P. Vigneron, and A. A. Lucas, Phys. Rev. B32,

8203 ~1985!.
39T. Inaoka and T. Chihara, Surf. Sci.208, 71 ~1989!.
40W. L. Schaich, Surf. Sci.122, 175 ~1982!.
41D. H. Ehlers and D. L. Mills, Phys. Rev. B36, 1051~1987!.
42S. R. Streight and D. L. Mills, Phys. Rev. B38, 8526~1988!.
43S. R. Streight and D. L. Mills, Phys. Rev. B40, 10 488~1989!.
44T. Inaoka, Surf. Sci.257, 237 ~1991!.
45T. Inaoka, Surf. Sci.351, 259 ~1996!.
46T. Inaoka, Appl. Surf. Sci.169Õ170, 51 ~2001!.
47T. Ando, Z. Phys. B26, 263 ~1977!.
48R. G. Dandrea, N. W. Ashcroft, and A. E. Carlsson, Phys. Rev

34, 2097~1986!.
2-19



TAKESHI INAOKA PHYSICAL REVIEW B 63 165322
49J. P. Perdew and Y. Wang, Phys. Rev. B45, 13 244~1992!.
50J. P. Perdew and A. Zunger, Phys. Rev. B23, 5048~1981!.
51D. M. Newns, Phys. Rev. B1, 3304~1970!.
52T. Inaoka, Surf. Sci.198, 491 ~1988!.
53J. Lindhard, K. Dan. Vidensk. Selsk. Mat. Fys. Medd.28, 8

~1954!.
16532
54A. Raymond, J. L. Robert, and C. Bernard, J. Phys. C12, 2289
~1979!.

55E. O. Kane, J. Phys. Chem. Solids1, 249 ~1957!.
56J. S. Blakemore, J. Appl. Phys.53, R123~1982!.
57T. Inaoka, J. Phys.: Condens. Matter3, 4825~1991!.
58A. Stahl, Surf. Sci.134, 297 ~1983!.
2-20


